Nasopharyngeal carcinoma (NPC) is a tumor of the head and neck with a complex etiology. The incidence is rare in the western world (1 per 100,000); however, in the Guangdong region of southeast China the incidence peaks at 50 per 100,000 (56) . In China and Taiwan, NPC accounts for 20% of all cancers (70) . Thirty to 60 percent of patients with NPC will eventually develop distant metastasis, the key contributor to NPC mortality (27) . Because of the high incidence and frequent fatal recurrence, NPC is considered a significant health problem in parts of the world where it is endemic (42) .
Possible risk factors for NPC include smoking, alcohol consumption, eating salted fish, and genetic predisposition; however, the strongest association is with Epstein-Barr virus (EBV) infection. EBV was recognized as the first candidate human tumor virus, and in 1997, the International Agency for Research on Cancer officially designated EBV a class I carcinogen due to its association with several epithelial and lymphoid malignancies, including NPC, gastric carcinoma, Burkitt's lymphoma, Hodgkin's disease, and posttransplant lymphoproliferative disease. The oncogenic potential of EBV is most dramatically demonstrated by its ability to transform resting B lymphocytes in culture into continuously proliferating lymphoblasts (46) .
Early serological studies demonstrated significantly elevated antibody responses to EBV antigens in NPC patients that preceded tumor development by 1 to 2 years (22) . Subsequently it was shown that latent EBV was present in 100% of undifferentiated NPC tumors (5) and that three of the known latent proteins were expressed in the tumors (reviewed in ref- erence 32) . These are EBNA1, whose primary role is to enable replication of the viral episomal genome (68) , LMP1, and LMP2A. Much interest has focused on LMP1 because of its known oncogenic properties in B cells (reviewed in references 26 and 61) . However, in EBV-associated epithelial tumors, LMP1 either is not expressed (e.g., in gastric cancer cases) (43) or is only present in a subset of tumors (e.g., NPC). In NPC, 35 and 65% of the tumors express LMP1 at the protein and RNA level, respectively (41, 69) . In contrast, LMP2A has been detected in 50% of NPC tumors at the protein level (23) while transcripts are detected in Ն95% of the tumors (8, 9) . LMP2A expression is dispensable for EBV-driven B-cell transformation, but in RAG null mice LMP2A rescues B-cell development, indicating a survival function (10) , and LMP2A has been reported in one study to have transforming properties in an epithelial cell line (52) . Activation of the PI3K/Akt pathway plays a role in the LMP2A-mediated survival signals in both epithelial and B cells (52, 58) .
Despite the oncogenic potential of EBV its exact role in tumorigenesis remains to be delineated. Specifically, for NPC it is not clear at what stage of tumor progression EBV plays a role. Recently we have presented evidence that primary cultures of epithelial cells from the nasopharyngeal region contain infected cells expressing LMP1 (44) . This raises the possibility that the virus may be present at the onset of the oncogenic processes and could therefore potentially affect any stage of tumor progression.
One problem with EBV studies in epithelial cells is that the properties of EBV-encoded genes are often studied in isolation with in vitro models using established immortalized and/or transformed cell lines, often derived from tissues such as the skin, which, under normal conditions, cannot be infected with EBV. The implications of these studies are then extrapolated to the tumor setting. However, without directly testing the tumors themselves the biological significance of such studies is unclear. This is because viral genes function in vivo in a specific context defined by the patterns of expressed cellular and other viral genes (7) . This is well established in B cells, where the pattern of viral latent gene expression is highly dependent on the differentiation state and site of origin of the infected cells (63) ; viral gene expression in many tumors is different from what is seen in in vitro-infected cells (50, 64) , and the patterns of cellular gene expression in response to a particular viral latent protein are highly variable depending on the type of B cell in which the gene is expressed (47) . To reduce these concerns in studying epithelial cells we decided to take the reverse approach of first identifying genetic effects associated with EBV gene expression in NPC tumors and then confirming the functional impact of these effects in vitro with epithelial cell lines and a primary tonsil epithelial cell culture system.
MATERIALS AND METHODS
Cell culture procedures. IB4 cells were used as a positive and BJAB as a negative control for EBV transcripts. All cell lines were maintained as described previously (44) except for HaCat (ATCC), for which RPMI medium was replaced by Dulbecco's modified Eagle's medium. Primary tonsil epithelial cell cultures were generated as described previously (44) .
Transient induction of LMP. Epithelial cells were plated at semiconfluence (2 ϫ 10 5 to 3 ϫ 10 5 cells/well) in six-well plates (Costar). LMP2A was expressed from modified adenovectors (AdEasy; Obiogene) containing the LMP2A gene together with a reporter (green fluorescent protein [GFP]) gene, with both under the control of separate ubiquitin promoters as described previously (57) . GFP provided a rapid and sensitive way for monitoring infection efficiency, which was particularly important since single-cell protein staining for LMP2A expression is unreliable and nonquantitative. An adLMP1 vector was also produced for comparative purposes, and GFP alone (adGFP) was used as a vector control. Epithelial cells were infected with adenovirus preparations at a multiplicity of infection (MOI) of ϳ100 (57) in 1 ml of medium. Two volumes of fresh media were added after 1 h of incubation. At 1 day postinfection, the medium was aspirated and replaced with fresh medium. Infection efficiency was assessed by measuring GFP expression by use of a fluorescent microscope (Nikon E400) and fluorescence-activated cell sorter (FACS) analysis (FACSCalibur; BD Sciences). The MOIs used were all at least 10-fold lower than the minimum toxic dose, as assessed by staining with propidium iodide and FACS analysis. The control adGFP MOI was adjusted to the adLMP2A and AdLMP1 MOI to produce equivalent levels of GFP. At a few hours postinfection with AdLMP2A, LMP2A transcript levels increased steadily, peaking at around 1 day postinfection in HaCat cells and 3 days postinfection in the primary epithelial cells. A total of 100% of the cells in both cultures were positive for GFP expression at 1 day postinfection, implying that all cells were successfully infected and expressing LMP2A, although only those in a small subset were clearly positive for LMP2A protein expression by immunofluorescence staining (not shown). This discrepancy arises because of the lack of sensitivity of the LMP2A staining procedure demonstrated by the fact that a similar staining pattern was seen with an EBVpositive control cell line (IB4) where every cell should be LMP2A positive. For these reasons, we are confident that most if not all of the AdLMP2A-infected HaCat and primary epithelial cells express LMP2A transcripts and protein.
Western blot analysis confirmed that the levels of LMP1 and LMP2a expression were equivalent to those found in B lymphoblastoid cell lines.
RT-PCR.
RNA was isolated with TRIzol according to the manufacturer's instructions (Invitrogen). RNA (7 l) and cDNA were prepared as described previously (44) . Reverse transcription-PCR (RT-PCR) was performed by either the SYBR green or the TaqMan (ABI) method. The SYBR green method was used for LMP1, LMP2A, EBNA1(Q-K), and EBER. Amplimers and PCR conditions were as described previously (44) . PCR was performed in a volume of 25 l with an ABI PRISM 5700 sequence detection system (Perkin Elmer). For each run, 12.5 l of Universal SYBR green master mix (PE Applied Biosystems) was prepared containing primers (100 to 450 nM) to which cDNA was added. All PCRs were evaluated for potentially nonspecific products and primer dimer formation by analyzing the dissociation curve using GeneAmp 5700 software, version 1.3. The products were analyzed by gel electrophoresis to confirm the correct product size. All TaqMan PCRs were performed with "assays on demand" (Applied Biosystems) using 10 l primer probe master mix and 10 l cDNA. The genes used included ␤-actin, ITG␣6, ITG␤1, ITG␤4, and ITG␤5. The cycle run for these genes was 5 min at 95°C and 10 min at 50°C followed by 40 cycles of 60°C for 1 min and 95°C for 15 s.
Sensitivity and quantitation of the PCR assays was estimated by comparison to standard cell lines. For EBV-encoded latent genes, IB4 cells were used. Other cell lines used as standards were CLL228 (ITG␣6, ITG␤4), HaCat (ITG␤1, ITG␣6, keratin 6), and BJAB (c-fos, ␤-actin). All values were normalized to ␤-actin levels in procedures performed in duplicate. Typically, we were able to detect specific gene products at the single-cell level with fewer than 40 amplification cycles.
Biopsy material-chip hybridization. Total RNA was isolated from 20 fresh nonkeratinizing nasopharyngeal carcinoma biopsy samples obtained from Taiwan. Biopsy samples were obtained with punch forceps by use of endoscopic guidance. The tumor stage was designated according to the International Union Against Cancer and American Joint Committee on Cancer staging manuals (L. H. Sobin, 5th ed., Philadelphia, Pa., 1997). NPCs were mostly of the advanced stage (IVA to IVC), and all samples were EBV positive as measured by EBER expression levels (24) . Biopsy RNA was isolated by guanidinium thiocyanate extraction followed by centrifugation in CsCl (20) , and RNA integrity was assessed by gel electrophoresis and optical density. We had sufficient RNA from 16 samples that also met the quality criteria for hybridization to Affymetrix microarray chips (HG-U95A). All scans were performed on Affymetrix scanners, and the expression value for each gene was calculated using Affymetrix GENECHIP software. A total of 14 samples survived the normalization and scaling criteria. For a detailed protocol, see http://www.broad.mit.edu/MPR/CNS.
Computational analysis. The microarray data were normalized as previously described (45) ; details can be found at http://www.broad.mit.edu. We used a permutation test-based neighborhood analysis described previously (14, 45) to screen and select candidate cellular genes whose expression best correlated with the LMP2A expression in 14 NPC biopsy samples as determined by quantitative RT-PCR (qRT-PCR). Thus, the LMP2A level in each biopsy sample serves as an individual classifier forming a "continuum vector" based on LMP2A expression. The readout of the analysis is a Pearson correlation coefficient (r) of LMP2A versus cellular gene expression ranked from highest to lowest. Typically, 1,000 global random permutations were used to determine the 50% (median), 5%, and 1% significance levels. We also compared average gene expression levels between LMP2A high (highest five) and low (lowest nine) expressers. A simple t statistic ( class 0 Ϫ class 1 )/͌( 2 class 0 ϩ 2 class 1 ) was applied to assess significant differences between the two arbitrary subpopulations.
We validated the general authenticity of the neighborhood approach in several ways. First, we chose to test the method with a pair of cellular genes (jun and fos) whose expression is known from the literature to be biologically associated (51) . Applying the neighborhood analysis with c-jun as the classifier gene, we identified three fos probes as closely related (probe numbers 3, 4 and 7) in the NPC biopsy samples; the third and fourth probes were statistically significant at the 0.05 level (see Table S1 , part 2, in the supplemental material). Second, we screened the marker list from the LMP2A data set for known target genes of LMP2A and identified Jun N-terminal kinase 1 (JNK1) and JNK3 ( Fig. 1, 9th and 10th probes, boxed), which had previously been shown to be regulated by LMP2A in epithelial cells (13) . Taken together, these two validations demonstrate a "proof of principle" for the neighborhood analysis approach in our NPC data set as a method to identify genes whose expression levels are biologically linked.
Scratch wound assays. Primary tonsil epithelial cells were infected with adLMP1, adLMP2A, or adGFP as described above and grown on culture slides (Costar) to near confluence. The monolayers were wounded at 2 to 3 days postinfection with a plastic pipette tip, and cellular debris was removed by washing with medium. Bright-field and UV images (Nikon E400) were obtained at various time points.
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Invasion assays. Matrigel (BD Biosciences) was diluted 1:5 in cold serum-free medium (SFM), and 50 l was layered on 6.5-mm Transwell chambers (Costar) of 8 um pore size and incubated at 37°C for 1 h to solidify. Adenovirus-infected and uninfected primary tonsil epithelial cells (ϳ7 ϫ 10 4 ) were resuspended in 100 l of keratinocyte SFM (Invitrogen) containing 0.1% bovine serum albumin. In some assays, the cell suspensions were preincubated for 1 h with ITG␣6 (2B7, GoH3, and MP4F) or control immunoglobulin G (IgG) (Southern Biotech) antibodies (10 g/ml) in a final volume of 100 l of SFM. Cell suspensions were layered on Matrigel-coated Transwells. SFM containing keratinocyte growth factor (Invitrogen) was added to the bottom of the well as a chemoattractant.
Cells were allowed to invade the Matrigel for 12 to 18 h. The cells that had not yet invaded were removed from the upper surface of the membranes with cotton swabs. Invaded cells, attached to the lower surface of the membranes, were stained with DAPI (4Ј,6Јdiamidino-2-phenylindole)-phosphate-buffered saline (PBS) to visualize the nuclei. Each experiment was performed in duplicate. Invasiveness was quantified by counting individual nuclei in three separate view fields of each.
Immunofluorescent staining. Integrin expression was detected by indirect immunofluorescence. CLL228 colon cancer and HaCat cells were used as positive controls. Epithelial cells grown on culture slides (Costar) were fixed and perme-FIG. 1. Schematic representation of the neighborhood analysis method and outcome. LMP2A transcript levels were determined in NPC biopsy samples by qRT-PCR and normalized to ␤-actin levels (see Materials and Methods). The biopsy samples were ranked based on LMP2A transcript expression from high to low (numbered 1 to 14, respectively) as represented in the histogram. The y axis represents the relative level of LMP2A transcripts in comparison to positive control results obtained using IB4 cells as a standard. Genes whose expression parallels that of LMP2A were identified by neighborhood analysis, a pattern-matching computational technique. The table in Fig. 1 shows the first 30 genes with the Pearson correlation coefficient and permutated score at the 0.05 level. The three hits for ITG␣6 are shaded in gray. Boxed are two mitogen-activated protein kinases previously shown to be activated by LMP2A. abilized for 30 min at room temperature in 4% paraformaldehyde followed by a 10-min incubation with 0.1% Triton X-100 in PBS at 4°C. Slides were blocked with serum (1 h at room temperature) and then incubated (30 min at room temperature) with primary monoclonal antibodies against ITG␣6 (GoH3; Chemicon) (dilution, 1:200), ITG␤4 (3E1; Chemicon) (dilution, 1:500), ITG␤1 (4B73; Neomarkers) (dilution, 1:200), or the appropriate IgG control antibodies (Southern Biotech, Neomarkers) at equivalent concentrations. The S12 anti-LMP1 monoclonal antibody (dilution, 1:5,000) and rabbit anti-LMP2A serum (gift of J. Middeldorp) were used to detect LMP1 and LMP2A. The slides were washed three times in PBS and incubated for 1 h in the dark with secondary goat anti-mouse, goat anti-rat (Alexa 488 or 594), or goat anti-rabbit (fluorescein isothiocyanate) antibodies (Molecular Probes, The Netherlands) (dilution, 1:5,000). Slides were washed with PBS (3 times), mounted with Antifade (Molecular Probes), coverslipped, and examined with a fluorescence microscope (Nikon E400). Images were obtained with SPOT imaging software (Diagnostic Instruments).
RESULTS
LMP2A expression in NPC biopsy samples correlates with ITG␣6. To identify cellular targets of LMP2A in NPC biopsy samples we used a pattern-matching computational technique (neighborhood analysis) (14, 45) to mine data generated from probing Affymetrix chips with RNA extracted from NPC biopsy samples. The rationale for this approach is that the expression level of a classifier gene of interest, in this case, LMP2A, will correlate directly (LMP2A induces the expression of a gene) or inversely (LMP2A down-regulates the gene) with the levels of expression of cellular gene targets (for validation of the neighborhood analysis, see Materials and Methods). We obtained RNA from 14 EBV-positive nonkeratinizing NPCs and used it to measure the relative levels of LMP2A with a sensitive qRT-PCR and also to probe Affymetrix chips. We reproducibly detected LMP2A transcripts in 13 (ϳ90%) of the NPC samples, while expression results for one sample were equivocal or negative. These results are in agreement with previous findings (8, 9) . The relative levels of LMP2A transcripts, normalized to the levels to ␤-actin, for the 14 biopsy samples are shown in Fig. 1 . It is apparent that the levels of LMP2A transcripts are highly variable between NPC biopsy samples. We took advantage of this variation in LMP2A expression to apply the neighborhood analysis, the outcome of which is also depicted in Fig. 1 (the top 100 identified genes that positively correlated with LMP2A expression level are shown in Table S1 , part 1, of the supplemental material). The readout from the analysis is a Pearson correlation coefficient (r) with a P value generated by permutation testing of the whole data set.
From the neighbor analysis we found that the first, second, and 30th probes code for the integrin-alpha 6 gene (ITG␣6 [shaded in gray; Fig. 1]) ; however, only the results for the first ITG␣6 probe achieved statistical significance (r ϭ 0.96; P Ͻ 0.05). ITG␣6 has been shown previously to be expressed in the epithelial tumor cells of NPC, but this is the first evidence that ITG␣6 expression in NPC may be linked to the levels of LMP2A. We next performed qRT-PCR on RNA from the 14 biopsy samples to independently validate the relationship between ITG␣6 and LMP2A. As in the microarray analysis, we found a good correlation between the expression of ITG␣6 and LMP2A transcripts (Pearson correlation coefficient r ϭ 0.90; P Ͻ 0.001) ( Fig. 2A) . By comparison, levels of transcripts for the other EBV latent protein genes expressed in NPC showed a weak [EBNA1(Q-K) r ϭ 0.554; P ϭ 0.01) (Fig. 2C ] or no (LMP1 r ϭ Ϫ0.32; P ϭ 0.31) (not shown) correlation with ITG␣6. We also applied this analysis to six additional LMP2A-positive NPC samples and found the same association between ITG␣6 and LMP2A expression levels (r ϭ 0.87; P ϭ 0.02) (Fig.   FIG. 2 . ITG␣6 expression is strongly associated with LMP2A expression in NPCs. (A) LMP2A mRNA expression levels were plotted against ITG␣6 mRNA expression levels, determined by qRT-PCR, for the 14 NPC samples used for the neighborhood analysis shown in Fig.  1 (see Materials and Methods). The Pearson correlation coefficient and P value are represented in the plot. (B) As described for panel A but with six independent NPC biopsy samples. (C) ITG␣6 transcript levels were plotted against EBNA1(Q-K) mRNA expression levels. The association is significant but weaker compared to LMP2A results.
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LMP2A AND NPC METASTASIS 15433 2B). This independently confirms the microarray result and excludes the possibility that the initial observations were due to a fortuitous "bias" in the original data set. We concluded therefore that ITG␣6 was a candidate target gene of LMP2A in NPC carcinoma cells.
LMP2A promotes invasion of primary epithelial cells in Matrigel.
The tumor samples we have used consist of a complex mixture of epithelial tumor and other cells, including infiltrating lymphocytes. Therefore, we can not distinguish whether the ITG␣6 expression we have detected is in the tumor cells or the stroma. However, it has been shown previously that nasopharyngeal carcinoma cell lines express ITG␣6 (31) and that its expression is significantly altered in many metastatic human carcinomas compared to nonmetastatic and normal tissues (36) . Furthermore, ITG␣6 has been implicated in cellular motility and invasiveness in vitro and in vivo (12, 36, 40, 67) and, in addition to ITG␣6, the top genes in the list from the LMP2A neighborhood analysis included other proteins involved in cell migration such as integrin beta 5 (ITG␤5) (35) , aPKC, and PAR3 (37), although none achieved the level of statistical significance. These results prompted us to test the hypothesis that LMP2A alone could stimulate the invasiveness of primary epithelial cells in an ITG␣6-dependent fashion. We have previously developed a technique for culturing primary epithelial cells from human tonsils (44) ; therefore, we expressed LMP2A in these cells and tested their invasiveness in a standard Matrigel (reconstituted basement membrane preparation) chemoinvasion assay, using keratinocyte growth factor as a chemoattractant. LMP2A was expressed using a transient adenovector expression system (AdLMP2A; for details, see Materials and Methods).
Primary epithelial cells expressing LMP2A showed a striking increase in invasiveness as early as 16 h postincubation compared to cells expressing a GFP vector control and uninfected cells (Fig. 3A) . Quantification of the numbers of invaded cells demonstrated that LMP2A expression increased invasion on average 8-to 10-fold compared to control results in separate experiments with primary epithelial cells derived from three different tonsils (Fig. 3B) . Invasion capacity was dependent on viral dose and LMP2A expression levels, as determined on the basis of GFP intensity (not shown). Primary epithelial cells expressing LMP1 also demonstrated increased invasion (not shown), an effect previously reported for cell lines (30) but never before for primary cells.
ITG␣6-specific antibodies block LMP2A-induced invasion. The results reported above demonstrate that LMP2A alone can stimulate invasiveness by primary epithelial cells. To test whether this was mediated by ITG␣6 we incubated adLMP2A-infected primary epithelial cells, prior to Matrigel invasion assays, with three ITG␣6 blocking antibodies (2B7, MP4F, and GoH3) used separately or pooled. The single antibodies blocked invasion individually with variable efficiency, but the most efficient blocking was seen when the three antibodies were pooled. Incubation with control IgG at the same antibody concentration did not influence invasiveness (Fig. 3A) . These results show that LMP2A induces invasion of primary epithelial cells in an ITG␣6-dependent fashion.
LMP2A induces ITG␣6 RNA in epithelial cells in vitro. To assess whether LMP2A expression led directly to the up-regulation of ITG␣6 we performed a qRT-PCR analysis of ITG␣6 RNA levels on primary epithelial cells before and after expression of LMP2A. We also repeated this analysis with the HaCat immortalized human epithelial cell line. LMP2A expression led to an average ϳ3.5-fold induction of ITG␣6 mRNA in primary cells and a 5-fold increase in HaCat cells (Fig. 4) . We did not detect any increase or decrease in transcript levels in either HaCat or primary epithelial cells for several other integrins, including the known ITG␣6-associated ␤1 and ␤4 chains (not shown). Expression of LMP1 had no significant effect on ITG␣6 levels in either primary epithelial cells or HaCat (Fig.  4) , indicating that the observed increase in ITG␣6 effect was LMP2A specific.
The increase in ITG␣6 expression caused by LMP2A was time and dose dependent but less pronounced in primary epithelial cells than in HaCat cells, and the kinetics were delayed (not shown). These differences are likely due to differences in growth dynamics and heterogeneity between the two epithelial cell systems. The primary epithelial cultures are very heterogeneous in nature (44) , in contrast to the clonal HaCat cell line. As a result, LMP2A might be exerting its fullest effect only in a subset of cells in the primary cultures which would be diluted out when observing the bulk culture. Therefore, it is conceivable that, at the single cell level, the effects of LMP2A on ITG␣6 expression levels may be more pronounced in primary epithelial cells.
LMP2A induces ITG␣6 protein expression in migrating cells. We did not observe a striking effect of LMP2A expression on the cell morphology of either primary or HaCat epithelial cells in bulk cultures. We were also unable to demonstrate an increase in ITG␣6 protein expression, in confluent primary epithelial and HaCat cultures, by FACS analysis concomitant with the increase in mRNA levels caused by LMP2A expression. The resolution of this potential conflict came when we studied ITG␣6 expression in cells driven to migrate by LMP2A, as assessed in a scratch migration assay (33) . Primary epithelial cells tested at optimal LMP2A expression levels demonstrated potent migration in a 16-h wound assay ( Fig. 5C and D) compared to uninfected control results, which showed no migration after this time ( Fig. 5A and B) . This independently confirmed the results seen with the invasion assays. Cells tested at suboptimal LMP2A expression levels showed reduced migration, confirming the dose-dependent effect of LMP2A on motility (not shown). Cell growth kinetics of the primary epithelial cultures with or without LMP2A expression were similar, indicating that differences in cellular growth rate did not account for the increased migration by LMP2A-expressing cells. The results from a second experiment confirmed that cells expressing GFP alone were not migratory (Fig. 5E ) whereas cells expressing LMP2A-GFP were (Fig. 5G) . A higher magnification photomicrograph of the same assay emphasizes the difference at the wound boundary between migrating and nonmigrating cells ( Fig. 5F and H) . LMP1 expression also induced migration in the primary epithelial cells (not shown).
As a control for the migration assays we performed immunofluorescence staining for ITG␣6 expression by cells at the scratch boundary. The results are shown in Fig. 6 . Primary cells from the confluent monolayer stained weakly (lower left panel). However, when the monolayer was scratched, cells that migrated into the wound markedly up-regulated expression of . Moreover, ITG␣6 expression in the typical fan-shaped, fast-migrating cells is highly polarized. Cells which started to migrate left "cauliflower-like" integrin ␣6 "footprints" behind ( Fig. 7A , white arrowheads). These "integrin footprints" are the residues of hemidesmosome structures (19) . We observed clear "integrin release" of ITG␣6 heterodimers from retraction fibers, as expected when this integrin plays an adhesive role in migration (Fig. 7B) . ITG␣6 is most commonly associated with either the ITG␤4 or ␤1 subunits. Double staining of the cells for coexpression of these common ITG␣6-associated chains revealed that ITG␣6 was predominantly associated with ITG␤4 in the motility structures of the primary epithelial cells driven to migrate through LMP2A expression ( Fig. 7A and B) . Note the colocalization of ITG␣6 and ITG␤4 in the footprint in the upper panels (Fig. 7A) but the absence of ITG␤4 in the footprint in the lower panels (Fig. 7A, white arrowheads) , whereas all three are expressed in the migrating cells (white arrows). Similarly note the presence of ITG␣6 and ITG␤4 in the retraction fibers (Fig. 7B , upper panels, yellow arrowheads), their colocalization (Fig. 7B , lower left panel, white arrowhead), and the absence of ITG␤1 (Fig. 7B , lower right panel, white arrowhead). These data indicate that ITG␣6 protein expression is up-regulated and relocalized in LMP2A-expressing migrating primary epithelial cells but not in stationary cells. High LMP2A expression in NPC is linked to reduced survival. We have shown that LMP2A expression correlates with ITG␣6 in NPC biopsy samples and induces ITG␣6-dependent invasion and migration in primary keratinocytes. Induction of ITG␣6 expression has been implicated in tumor progression and reduced survival in thyroid (54) , papilloma (60), and gastric (59) and bladder (21, 29) squamous carcinoma. It seemed possible, therefore, that increased levels of LMP2A expression could be linked with poorer survival in NPC through induction of ITG␣6. We had access to clinical data from 20 patients for whom we also had measured the relative LMP2A and ITG␣6 expression levels in their biopsy samples. Five patients did not return after biopsy and were not available for survival analysis. For the remaining 15, although the sample size is small, there is a clearly significant correlation (Fig. 8) between LMP2A expression and poor survival (P ϭ 0.028 in a Cox regression survival test). ITG␣6 expression showed a similar trend that did not quite achieve statistical significance in the Cox survival test (P ϭ 0.057).
DISCUSSION
Two characteristic features of nonkeratinizing NPC are that it is always associated with EBV and that it is highly metastatic. In this report, we provide evidence of a mechanistic link between these two properties by showing that the virus-encoded LMP2A protein, which is expressed in the tumors, increases the migration and invasion of primary epithelial cells. We have demonstrated for the first time a correlation between LMP2A and ITG␣6 expression both in NPC and primary epithelial cells and that LMP2A-induced invasion is ITG␣6 dependent. The significance of our results is underscored by the fact that the initial observations, made with clinical material, were then verified at the molecular and cellular level in a defined primary epithelial cell culture system. We have shown previously that primary epithelial cells from tonsillar tissues are targets for EBV infection, in contrast to many epithelial cell lines, such as HaCat, which are resistant to EBV infection. This approach eliminates the possibility that any effect we see might be an artifact of immortalized or transformed epithelial cell lines. These studies in turn led to specific predictions about the effect of LMP2A expression on clinical outcome, namely, that metastasis should be more frequent and survival shorter in patients whose biopsy samples express elevated levels of LMP2A.
Currently, the function of LMP2A is best understood for B cells. It has been shown in transgenic mice that LMP2A can provide B cells with a potent survival signal analogous to signals provided by a functional B-cell receptor (10) . LMP2A is known to be expressed in germinal center cells, and in transgenic mice LMP2A drives germinal center formation in muco- sal lymphoid tissue in the absence of antigen (11) . Thus, LMP2A is believed to play a crucial role in the production, through the germinal center, of latently infected memory B cells-the site of long-term persistent infection (6, 62) . The movement of B cells to the follicle to form germinal centers is guided by the expression of chemokines and chemokine receptors (16) . However, the processes of migration and retention are mediated by the expression of integrins (4, 34) . ITG␣6 is highly expressed by germinal center B cells (4) and induced by LMP2A in the background of LCL cells (47) , the infected cell type that is believed to migrate to the follicle (7, 62, 64). It seems reasonable to speculate therefore that a biological role of LMP2A may be to drive the migration of latently infected B lymphocytes into the follicles of mucosal epithelium to form germinal centers. On the basis of the current study results we would anticipate that this would be mediated, at least in part, through ITG␣6. This process, which is benign in B-cell development, may be co-opted in the tumor to cause the epithelial cells to develop a more invasive and metastatic phenotype.
Our findings are consistent with previous reports (13, 18, 52 ) that LMP2A expression affects epithelial cell migration. In one study, LMP2A coexpression with LMP1 in epithelial cell lines led to small invasive pockets in organotypic epithelial raft cultures accompanied by changes in ITG␣6␤4 expression (18) . However, the relative contributions of LMP1, LMP2A, and ITG␣6 to this phenomenon were not assessed. In other studies LMP2A caused increased invasion by cell lines (13) , and in a recent study, published while this article was in preparation, stable LMP2A expression was shown to enhance cell spreading (2) by epithelial cell lines. To our knowledge this is the first report showing that transient expression of LMP2A drives chemotactic invasion and migration of primary epithelial cells in an ITG␣6-dependent fashion. LMP1 has been shown previously to induce migration and invasion by an NPC cell line in parallel with increased expression of ITG␣6 RNA (30) . In the present study we also found that LMP1 increases the motility of primary epithelial cells, but we could not detect changes in expression of ITG␣6 RNA. Therefore, both LMP1 and LMP2A might contribute to the metastatic activity of NPC. The argument could be made that LMP2A may be more important, because metastasis is a late event in tumor development and LMP1 is only expressed in a fraction of NPC tumors whereas LMP2A is ubiquitous. The fact that LMP2A expression has such strong effects on motility in primary epithelial cells suggests that the migratory function of LMP2A in NPC is independent of the transformation process. LMP2A has been reported to activate potentially oncogenic signaling pathways in epithelial cell lines involving ␤-catenin, PI3-K, extracellular signal-regulated kinase, and JNK (13, 38, 39, 53) . We did not find evidence from the neighbor analysis for transcriptional regulation of these pathways by LMP2A in NPC. This may be because the neighborhood analysis is too conservative or too insensitive to detect these changes or because these signaling pathways are activated in cell lines but not in the tumors. However, two members of the JNK pathway were high in the list generated by the neighbor analysis (Fig. 1) . In a less rigorous approach we identified additional potential LMP2A targets when we arbitrarily grouped the NPC samples into groups of highest and lowest LMP2A expressers. This screening method yielded, besides ITG␣6, its partner ITG␤4 (2-fold induced; P Ͻ 0.01), c-jun (ϳ2-fold induced; P Ͻ 0.05), and CD9 (ϳ1.7-fold induced; P Ͻ 0.006); the latter has been reported to be regulated by LMP2A in B cells (13, 47) . We also found induction of the Id1 (three probes) (fourfold induced; P Ͻ 0.002) and Id3 (twofold induced; P Ͻ 0.03) proteins previously reported to be up-regulated in epithelial cells by LMP1 (28) (see Table S1 , part 3, in the supplemental material). Although this method is less rigorous, it provides evidence complementary to the cell line studies implicating these pathways in NPC pathogenesis.
We have presented evidence that ITG␣6 is regulated transcriptionally by LMP2A in both NPC and primary epithelial cells. Yet we have been unable to detect marked increases in ITG␣6 protein expression by flow cytometry in bulk cultures of FIG. 6 . ITG␣6 expression is up-regulated in migrating primary epithelial cells. A scratch wound assay with adLMP2A-infected primary epithelial cells was performed on culture slides as described for Fig. 5 . The cells were then fixed and incubated with an ITG␣6-specific antibody (GoH3), and ITG␣6 expression was visualized by indirect immunofluorescence with an Alexa-594 conjugated goat anti-mouse secondary antibody (red). In the top (low magnification) and bottom right (high magnification) panels one edge of the scratch is delineated with a white arrow. The unaffected monolayer of epithelial cells is to the left of the line. The lower left panel shows a field of nonmigrating cells from an area of the culture away from the scratch to demonstrate the staining obtained with confluent cells. Note that ITG␣6 staining is weak with the unaffected monolayer but that strongly positively stained cells are only observed migrating into the scratch to the right of the white arrows. The upper image was taken at ϫ40, and the lower two images were taken at ϫ100 magnification.
primary epithelial cells expressing LMP2A, indicating that LMP2A does not cause an immediate increase in ITG␣6 protein expression. Instead we found that ITG␣6 protein expression became markedly up-regulated when the LMP2A-expressing cells began migrating. Our interpretation of this finding is that LMP2A does not increase the level of ITG␣6 protein expression per se but increases the motility of epithelial cells, leading to increased ITG␣6 protein expression when they start migrating. This might suggest that LMP2A signaling does not work directly on ITG␣6 expression but indirectly through the stimulation of motility. Evidence that ITG␣6 protein expression was critical for LMP2A-induced migration was provided by the studies indicating that specific ITG␣6-blocking antibodies completely blocked LMP2A-induced invasion through a Matrigel matrix. A role for ITG␣6 is also consistent with the major component of Matrigel matrix being laminin I, since this is a known substrate for ITG␣6-mediated cell migration (49) . ITG␣6 has been shown previously to play an important role in a wide range of carcinomas, including head and neck (66) , bladder (29) , lung (15) , skin (17, 60) , and colon (12, 48) cancers. Recent studies indicate that ITG␣6, particularly in association with the ␤4 chain, is important and sometimes crucial for the invasive behavior of tumor cells (12, 17, 55) . Despite these advances, it is currently unknown what the exact role of ITG␣6 is in epithelial cell migration since its adhesive and signaling functions are highly context (substrate, expression level, localization) dependent.
ITG␣6 forms heterodimers exclusively with integrin ␤1 or ␤4 chains (25) . Besides mediating attachment to the extracellular matrix in hemidesmosomes, the heterodimer ITG␣6␤4 also has signaling and physical properties that are involved in regulating cell migration (55, 65) . Our observations are consistent with the known properties of ITG␣6 when associated with the ␤4 chain, namely, that it may become redistributed from hemidesmosomes to motility structures during the transition from a nonmigrating to a migrating cell type (19) . We found that cells which start to migrate leave integrin ␣6␤4 "footprints" behind. These "footprints" are the residues of hemidesmosome structures (19) . In addition, we observed clear "integrin release" of ITG␣6␤4 heterodimers from retraction fibers and hemidesmosomal structures, as expected when these integrins play an adhesive role in migration. Neither of these effects was observed for ITG␣6␤1. Future studies are necessary to determine the exact role ITG␣6 and its partners play in LMP2A-induced motility and the possible contribution(s) of other integrins such as ITG␣3␤1.
It is commonly accepted that the most dangerous form of cancer is disseminated disease and that most high-grade NPC tumors are highly invasive (3). In one study 5,037 NPC cases were analyzed, and only 9% were found to be confined to the nasopharynx without clinically involved nodes (27) . Moreover, in autopsy studies 38 to 87% of NPC patients suffered from distant metastasis (1). When we ranked the biopsy samples on the basis of LMP2A expression levels we found a negative correlation between the level of LMP2A transcript expression and survival. In addition, distant metastasis, local invasion, and recurrence were common in the tumors highly expressing LMP2A but virtually absent for the low expressers. Although the cohort we studied is too small for drawing definitive conclusions these studies are consistent with the idea that LMP2A decreases survival through its effects on the motility and invasiveness of the tumors. Thus, it will now be important to conduct a long-term survival study of a large cohort of NPC patients to test whether the poor survival we have found associated with LMP2A and ITG␣6 expression can be confirmed and directly attributed to faster and or more-extensive metastatic behavior by the tumor cells. It will also be of interest to test whether high-level expression of ITG␣6 in premalignant nasopharyngeal lesions is prognostic for more rapid tumor development and poor long-term survival.
In conclusion, we show for the first time a link between LMP2A and ITG␣6 expression in NPC biopsy samples and hypothesize that LMP2A might play a critical role in NPC metastasis on the basis of its ability to drive invasion of primary nasopharyngeal epithelial cells in an ITG␣6-dependent manner. This behavior may reflect the biological function of LMP2A in modulating B-cell migration during the process of germinal center formation. The data presented in this report and our earlier findings, which suggest that EBV is present in healthy nasopharyngeal epithelial cells, strongly support the evolving concept that EBV functions as a tumor virus in NPC progression.
